To understand the potential roles of the important DNA repair protein RecA in Helicobacter pylori pathogenesis, we cloned the recA gene from H. pylori 84-183. Degenerate PCR primers based on conserved RecA protein regions were used to amplify a portion of H. pylori recA, which was used as a probe to isolate the full-length recA gene from H. pylori genomic libraries. The H. pylori recA gene encoded a protein of 347 amino acids with a molecular mass of 37.6 kDa. As expected, H. pylori RecA was highly similar to other RecA proteins and most closely resembled that of Campylobacter jejuni (75% identity). Immediately downstream of recA was an open reading frame whose predicted product showed 58% identity to the Bacillus subtilis enolase protein. 
Helicobacter pylori is a microaerophilic, gram-negative bacterium that causes chronic gastritis in humans, which may lead to peptic ulceration or gastric carcinoma (4) . It is therefore important to understand the factors involved in the pathogenesis of H. pylori. Some of the previously described virulence factors of H. pylori include flagella (14, 40) , cytotoxin (7, 39) , the cytotoxin-associated CagA protein (67) , and urease (46) . Although H. pylori strains are similar phenotypically (with the exception of variability in cytotoxin and CagA production) (7, 50, 67) , they exhibit a high degree of restriction site polymorphism among strains (1, 6, 17, 18, 41) .
On the basis of functions studied in Escherichia coli and other bacteria studied (70) , we chose to investigate the presence in H. pylori of the important recombination protein RecA. Since RecA is essential for DNA recombination, recA mutants may be valuable as attenuated vaccine strains (22) . The virulence of recA mutants may be diminished (5) , yet such strains may still be able to induce a significant immune response (25) . If used in conjunction with other attenuating mutations, the lack of RecA function in a vaccine strain may stabilize these mutations and reduce or eliminate the possibility of reversion to virulence. In addition, most H. pylori strains are naturally competent for DNA uptake (71) . It is likely that RecA-mediated recombination is necessary for DNA transformation (25, 33, 51, 69) ; it is possible that this might play a role in genomic variability through uptake of DNA from neighboring cells.
In addition to its role in recombination, in many bacterial genera, RecA is a regulatory protein that responds to certain types of DNA damage and mediates derepression of a family of proteins, called the SOS regulon (70) . The net effects of SOS induction are many and include increased DNA repair, an increased rate of mutation, inhibition of cell division, and prophage induction (70) . The SOS response is important in the repair of DNA damage caused by exposure to reactive oxygen species produced by immune cells during bacterial infection (21, 26, 29) . Such a response may therefore be important for survival of H. pylori during infection of the gastric mucosa, during which a high level of inflammation and neutrophil infiltration occurs (68) .
We now report the identification and cloning of recA in H. pylori. Mutation of recA affects the survival of H. pylori cells after exposure to a variety of noxious stimuli, including low pH.
MATERIALS AND METHODS
Strains and growth conditions. Strains and plasmids used in this study are listed in Table 1 . E. coli was routinely grown in Luria-Bertani (LB) broth or agar (55) supplemented with carbenicillin (100 g/ml), kanamycin (30 g/ml), and/or chloramphenicol (30 g/ml) when appropriate. H. pylori strains were grown on blood agar plates (BAP) at 37ЊC in a 5% CO 2 atmosphere. Antibiotic-resistant H. pylori strains were selected with 30 g of kanamycin per ml or 15 g of chloramphenicol per ml.
DNA techniques. Restriction enzymes and Klenow fragment of E. coli DNA polymerase I were purchased from either New England Biolabs (Beverly, Mass.) or Promega (Madison, Wis.) and used as described in the manufacturer's directions. H. pylori chromosomal DNA was prepared as described previously (57) . Hybridizations with 32 P-labeled probes labeled by random priming (15) with a kit from Boehringer-Mannheim Biochemical Corp. (Indianapolis, Ind.) were done as described previously (3) . DNA sequencing was done either on doublestranded templates (34) by the method of Sanger et al. (56) with a Sequenase 2.0 kit (U.S. Biochemical Corp., Cleveland, Ohio) or on an ABI automated sequencer by the Vanderbilt University Cancer Center Core Facility. The DNA sequence resulting from unambiguous reading of both strands was compiled with the Staden alignment programs (61) . Computer analyses of DNA and protein sequences were performed with the Genetics Computer Group programs (10) , and database similarity searches were performed via electronic mail to the National Center for Biotechnology Information by use of the BLASTX algorithm (2, 20) . PCR amplification and cloning of H. pylori recA. Degenerate PCR primers were designed on the basis of conserved amino acid sequences of RecA and synthesized at the Vanderbilt University Diabetes DNA Core Facility in a Milligen 7500 DNA synthesizer. Primer Rec1F (5Ј GARATHTWYGGNCCNGA 3Ј) was based on the amino acid sequence EIYGPE. Primer Rec2R (5Ј GCRT ARAAYTTNARNGC 3Ј) was based on the reverse complement of the amino acid sequence NALKFYA. Thermocycler parameters were as follows: 1 min at 94ЊC (denaturation); 2-min ramp to 37ЊC, followed by 2 min at 37ЊC (primer annealing); 2-min ramp to 60ЊC, followed by 2 min at 60ЊC (extension). The degenerate PCR product was subcloned into the pT7Blue(R) T-vector from Novagen (Madison, Wis.) by ligating the vector and insert at a molar ratio of 3:1 (vector/insert). ZAPII (Stratagene, La Jolla, Calif.) was used to prepare two genomic libraries from H. pylori 84-183. For the first, chromosomal DNA from strain 84-183 was partially digested with AluI, and 2-to 7-kb fragments were purified and ligated with EcoRI linkers. The second library was constructed from chromosomal DNA digested to completion with HindIII, end-repaired by Klenow enzyme, and ligated with EcoRI linkers. Both types of fragments were ligated separately with EcoRI-digested, alkaline phosphatase-treated ZAPII arms and packaged into bacteriophage heads with packaging extracts (Stratagene or Promega). Following identification of the desired clones by hybridization with the PCR-amplified fragment of H. pylori recA, plaques were purified and recombinant pBluescript plasmids were recovered following the addition of R408 helper phage.
Mutagenesis of cloned H. pylori recA and eno genes. Fragments containing the genes for resistance to kanamycin (Km r ) and chloramphenicol (Cm r ) were prepared as follows. The Km r gene was purified from SmaI-digested pILL600 (37 (58) . Approximately 1 g of supercoiled donor plasmid was mixed with the washed cells, placed in a Gene-Pulser (Bio-Rad, Melville, N.Y.), and electroporated at 2500 V, 200 W, and 25 F (58). Cells were then inoculated onto BAP without antibiotics. Following overnight growth at 37ЊC, the entire contents of the plate were swabbed and streaked onto BAP containing either kanamycin or chloramphenicol. Antibiotic-resistant colonies were harvested after 3 days of growth at 37ЊC. Electroporations with either no donor DNA or the nonmutagenized pSAT101 served as negative controls. Natural transformation experiments were done essentially as described previously (71) by concentrating the cells from a 24-h culture grown on one BAP into 50 l of saline. Following the application of 10-l spots of concentrated cells to a BAP, 10 l of saline containing pSAT104::km (1 g) or saline alone (negative control) was added to the cells, and the mixture was incubated at 37ЊC overnight. The following morning, the cells were streaked onto BAP containing kanamycin. Kanamycin-resistant colonies were recovered as described above.
Sensitivities of mutants to UV light, MMS, and antimicrobial agents. Assays to determine the sensitivities of H. pylori strains to UV radiation and methyl methanesulfonate (MMS) were performed as follows. Two hundred to 400 CFU of each strain (from 48-h BAP cultures) were plated onto either BAP (UV experiments) or BAP containing various concentrations of MMS (Kodak Co., Rochester, N.Y.) to achieve a countable range of surviving colonies from a single plate. For UV experiments, the plates were dried briefly and exposed for various amounts of time to 254-nm UV light generated by a Universal UV lamp (model 51402; Gelman-Camag) at a distance of 10.5 cm. The exposures were performed in a photographic darkroom, and the plates were immediately wrapped in aluminum foil to prevent photoreactivation. Plates from both types of experiments were incubated for 5 days before the colonies were counted and the survival was determined. Determinations (in triplicate) of the MICs for the antimicrobial agents ampicillin, ciprofloxacin, erythromycin, metronidazole, and tetracycline were achieved by the E-test (Remel Corp., Lenexa, Kans.), in which E-strips were placed onto BAP inoculated with 0. 3), in either the presence or absence of 10 mM urea. Following a 1-h incubation at 37ЊC, the cells were diluted in phosphate buffer (pH 7.0) and rapidly spread on BAP. The number of surviving colonies was assayed following 5 days of growth. We determined the number (log 10 ) of bacteria killed at pH 4.0 or 3.3 compared with that occurring at pH 7.0. The statistical significance was determined with a one-tailed Student's t test.
Reverse transcription (RT)-PCR. RNA was prepared from 30-h cultures of wild-type and mutant H. pylori strains grown on BAP as described previously (55) . A 10-g sample of each RNA was treated with RNase-free DNase (Promega) to remove contaminating DNA. We next prepared cDNA from 1-g aliquots of the DNase-treated RNA samples as described previously (48), by use of Moloney murine leukemia virus reverse transcriptase (Gibco-BRL, Gaithersburg, Md.) and random hexamer oligonucleotide primers (Pharmacia LKB Biotech, Piscataway, N.J.). The reaction mixtures were diluted to 20 l with H 2 O, and 1 l of each was used as a template for PCR (48) with oligonucleotide primers specific for various regions of the recA, eno, and Km r genes (Table 2) . PCR products were analyzed by electrophoresis through 1.0% agarose.
The sequence reported in Fig. 2 has been deposited in GenBank under accession number U13756. 
RESULTS
PCR amplification of a portion of the H. pylori recA gene. To amplify a portion of the H. pylori recA gene by PCR, degenerate primers were developed on the basis of an alignment of known RecA protein sequences involving the highly conserved peptides EIYGPE and NALKFYA (54) . Degenerate PCR of H. pylori 84-183 chromosomal DNA using these primers resulted in the amplification of four products, ranging in size from 350 to 800 bp. One of these was approximately the expected size (470 bp) and was subsequently subcloned into pT7Blue. A BLAST search of GenBank with the sequence of the subcloned PCR product verified that it was a portion of the H. pylori recA gene. To isolate the entire recA gene, we screened a ZAPII library constructed previously from partially AluI-digested H. pylori 84-183 chromosomal DNA. The PCR-amplified recA fragment was used as a probe and identified three plaques containing recA sequences. Each recombinant was excised to a pBluescript plasmid by the addition of helper phage. Restriction analysis of these clones revealed that all contained identical 2.3-kb inserts (data not shown). One of these was designated pSAT101 (Fig. 1) and was subjected to DNA sequence analysis. One end of the insert was within an 820-bp ORF, whose predicted amino acid sequence showed high similarity to bacterial RecA proteins when used in a BLAST search of the GenBank data library. Since the 3Ј end of this ORF was not contained on pSAT101, we constructed a library of strain 84-183 DNA digested to completion with HindIII. With the recA PCR probe, we identified a clone which contained the desired 1.4-kb HindIII fragment. The resulting excised plasmid (pSAT104) was found to contain the 3Ј end of the recA gene as well as a portion of an ORF immediately downstream (Fig. 1) . The intact recA gene was reconstructed from pSAT101 and pSAT104 as follows. A 3.8-kb BsmI-XhoI fragment of pSAT101 containing the vector and the 5Ј end of recA was ligated with the 1.4-kb BsmI-XhoI fragment of pSAT104 (containing the 3Ј end of recA). The desired plasmid (pSAT105) was isolated following transformation of E. coli DH5␣MCR (Fig. 1) . The DNA sequences of the ligation junctions were determined to verify correct assembly. A search of the GenBank data library identified a high similarity between the protein predicted by the downstream partial ORF and enolase proteins (Eno) of bacteria, yeasts, and mammals. Similarities to bacterial enolases were approximately 73 to 74% (Bacillus subtilis and Zymomonas mobilis). The location of the eno gene immediately downstream from recA was similar to the arrangement at the recA locus in Campylobacter jejuni (25) .
Features of H. pylori recA and eno sequences. The adjoined DNA sequences of pSAT101 and pSAT104 (Fig. 2) identify the presence of two genes. The 1,044-bp recA ORF begins with the ATG at position 350 and is preceded by a putative (AGGT) ribosome binding site located at position 340. The recA gene terminated at position 1393 with a TAA codon. Immediately following the recA termination codon was the probable ribosome binding site (AGGA) for the eno gene at position 1396. The ATG codon at position 1405 initiated a 533-bp ORF (eno), which continued to the end of the DNA cloned in pSAT104. The only consensus promoter elements in this region were Ϫ35 and Ϫ10 sites preceding the recA ORF, at positions 264 (TTGTGA) and 288 (TATAAT), respectively. No transcriptional terminator was present between the recA and eno genes, although an 11-bp inverted repeat resembling a terminator (⌬G ϭ Ϫ7.5 kcal/mol [ca. Ϫ31 kJ/mol]) was found within the eno gene at positions 1570 to 1598 (Fig. 2) . The protein predicted by the recA ORF was 347 amino acids in length and had a molecular mass of 37.6 kDa. As expected because of the high degree of amino acid conservation between bacterial RecA proteins (54), the predicted protein sequence of H. pylori RecA shared several features with 44 known RecA sequences. The amino acid residues that are highly conserved or invariant in bacterial RecA proteins and related bacteriophage and yeast recombination proteins identified by Story et al. (62) were all present and in the predicted locations in the deduced amino acid sequence of the recA ORF (Fig. 2) . The residues identified were glycine 67, lysine 73, threonine 74, aspartic acid 95, glutamic acid 97, tyrosine 104, aspartic acid 145, serine 146, asparagine 194, glutamine 195, and glycine 213, and these loci are known to be involved in ATP binding, DNA interactions, or stabilization of RecA protein structure (62 (Fig. 2) . These insertions would result in premature termination of recA translation either 56 bp (Km r fragment) or 62 bp (Cm r fragment) into the mutagenic cassettes. The resulting plasmids pSAT101::km and pSAT101::cm, respectively, were used as donor DNAs in electroporation of H. pylori 84-183. Following electroporation and plating on selective medium, we isolated 10 kanamycinresistant colonies and one chloramphenicol-resistant colony. One kanamycin-resistant colony (strain 93-226) and one chloramphenicol-resistant colony (strain 93-227) were characterized further by Southern hybridization with probes for the recA, Km r , or Cm r genes and the pBluescript vector (Fig. 3) . As (Fig. 3A, lanes 1 to 4) . Similarly, insertion of the Cm r gene caused a 1.1-kb increase in the 4.0-kb recAcontaining SspI fragment of strain 93-227 (Fig. 3B, lanes 1 to  4) . The lack of hybridization to pBluescript demonstrated that in neither strain was the insertion of the antibiotic resistance gene accompanied by insertion of vector sequences (Fig. 3,  lanes 5 and 6) . Southern analysis of the remaining nine kanamycin-resistant strains showed that they were identical to strain 93-226 (data not shown). To mutagenize the eno gene in strain 84-183, we inserted a Km r gene into a unique AgeI site UV light and MMS sensitivities of recA and eno H. pylori strains. To test for loss of activity of the H. pylori RecA protein, we assayed the sensitivities of wild-type, recA, and eno strains to irradiation with 254-nm UV light or treatment with the DNA-damaging agent MMS (Fig. 4) (Fig. 4B) . Both recA H. pylori strains showed greatly increased sensitivity to MMS relative to that of the two recA ϩ H. pylori controls. Therefore, strains 93-226, 93-227, and, to some extent, 94-49 have phenotypes consistent with loss of RecA function.
Susceptibilities of recA and eno strains to antimicrobial agents. We examined the effect of the recA mutations in strains 93-226 and 93-227 on susceptibility to several antimicrobial agents ( Table 3 ). As expected, the recA mutants were significantly more sensitive to metronidazole and ciprofloxacin, antimicrobial agents that cause DNA damage or interfere with replication (32, 59, 73) . Interestingly, the recA strains also were significantly more sensitive to ampicillin, erythromycin, and tetracycline, which have different mechanisms of action. Strain 94-49 showed susceptibility to metronidazole (and to a lesser extent to ciprofloxacin) intermediate to those of the wild type and recA mutants. Susceptibilities to the remaining antimicrobial agents were similar to those observed with the recA mutants. These results suggest that two different phenomena may be responsible for the relative sensitivities of the recA and eno mutants to these antimicrobial agents. The increased sensitivity of the eno mutant to metronidazole (and possibly ciprofloxacin) might result from the decreased expression of recA in the eno mutant, while susceptibilities to the others may result from decreased expression of eno in both types of mutants.
Acid sensitivity of recA and eno strains. Little is known about the exact environment in which H. pylori lives in the stomach. One condition that is certainly encountered is the low pH of gastric juice, and a role for the H. pylori urease protein in acid survival has been proposed (36, 38) . To test whether recA or eno mutations had an effect on survival at low pH, we performed acid sensitivity experiments on the wild-type strain 84-183, the recA mutant 93-226, and the eno mutant 94-49 (Fig.  5) . The experiments were performed in both the presence and absence of urea to differentiate between urease-dependent and urease-independent mechanisms. In the presence of urea at pH 4.0, survival of strain 93-226 was similar to that of strain 84-183. However, at pH 3.3 in the presence of urea, 93-226 was nearly 10-fold more sensitive to acid killing than 84-183. A similar difference in survival was seen at pH 4.0 in the absence of urea, indicating that the acid-sensitive phenotype in 93-226 was not due to interference with urease function. Similar to what was observed in sensitivities to UV light and metronidazole, the eno mutant 94-49 was killed by low pH to an extent intermediate between that of the wild-type strain and the recA mutant. The recA or eno strains did not survive incubation at pH 3.3 in the absence of urea, and therefore evaluation of survival relative to that of the wild type was not possible.
Detection of recA and eno mRNA by RT-PCR. on July 5, 2017 by guest http://iai.asm.org/ ments verified that detectable DNA was removed by this treatment (data not shown). We then used cDNA prepared from these samples in PCR experiments with oligonucleotide primers specific for the recA and eno genes (Fig. 6) . A primer pair encompassing the 3Ј end of the recA gene and the 5Ј end of the eno gene amplified the expected product in these H. pylori strains, supporting the DNA sequence data that the recA and eno genes are cotranscribed (Fig. 6B, lane 1) . Significant transcription of recA occurred 3Ј of the point of insertion of the Km r cassette in recA mutant 93-226 (Fig. 6A, lane 2 ) and proceeded at least into the 5Ј end of the eno gene (Fig. 6B, lane  2) . However, the amount of transcript corresponding to the 3Ј end of the cloned portion of the eno gene was greatly decreased in strain 93-226 (Fig. 6C, lane 2) , suggesting that insertion of the Km r cassette into recA exerted polar effects on production of a full-length eno transcript. In contrast to that seen with Km r cassette insertion into recA, insertion of Km r into eno did not result in appreciable transcription of downstream eno sequences (Fig. 6C, lane 3) . Insertion of Km r into eno also did not grossly affect the amount of recA-specific transcript (Fig. 6A, lane 3) . Northern (RNA) hybridization supported the RT-PCR data and indicated that recA and eno are cotranscribed and that insertion of the Km r cassette into recA diminished the amount of eno-specific transcript (data not shown).
DISCUSSION
An understanding of the genetics of H. pylori is still at an early stage (64) . In an attempt to begin elucidating genetic mechanisms of recombination, DNA transformation, and stress tolerance, we cloned the H. pylori recA gene. Much is known about the structure of RecA proteins of bacteria and related proteins from yeasts and bacteriophage T4 (54, 62) . Alignment of RecA protein sequences allowed identification of invariant amino acid residues (62), and such strict amino acid conservation allowed the design of degenerate primers for use in PCR, as has been used previously for amplification of other recA homologs (12, 13) . Not surprisingly, the length and mass of H. pylori RecA are similar to those of previously studied RecA proteins, and amino acid residues that are invariant in other RecA proteins also are conserved in H. pylori RecA. Typical Ϫ35 and Ϫ10 sequences constitute the probable promoter for recA. Unlike many SOS-regulated recA genes, a consensus LexA binding sequence (CTGTN 9 CAG) (70) was not present in the predicted promoter region of recA. The termination codon for recA is separated by only 12 bp from the initiation codon of eno, and RT-PCR and Northern blot demonstrate that these genes are cotranscribed. Although a similar arrangement of recA and eno genes is found in C. jejuni (25) , it is not immediately apparent why such seemingly unrelated genes should be on the same transcriptional unit, although the eno product may serve to couple the metabolism of the cell with DNA repair.
Insertional mutation of either gene on the recA-eno transcript appears to have the effect of decreasing the expression of the other gene. Insertion of the Km r cassette into the recA gene in strain 93-226 clearly has polar effects on eno expression, although significant transcription (possibly from the Km r promoter [8, 35] ) occurs into the 3Ј region of recA and the 5Ј end of eno (Fig. 6A and B, lanes 2 ). It appears that a large portion of this transcription terminates between the end of the Eno104 PCR primer (nucleotide 1500) and the end of the Eno-R PCR primer (nucleotide 1933), since the amount of transcript detected in the more-distal region of eno appears to be significantly reduced (Fig. 6C , lane 2) in this mutant. It is therefore possible that the polarity of the Km r cassette insertion on eno expression is due to termination of transcription at an RNA stem-loop structure near the beginning of eno corresponding to nucleotides 1570 to 1598 of the DNA sequence (Fig. 2) . It may be that this stem-loop is active in terminating transcription in the wild-type strain as well and could provide a means of allowing increased expression of recA relative to eno. A similar arrangement of recA and eno was recently reported for C. jejuni (25) . Although not addressed experimentally by those authors, we suspect that cotranscription of recA and eno also occurs in C. jejuni and that insertional mutation of recA may exert polar effects on eno expression. No problems were encountered in recovering H. pylori recA or eno mutants, and these strains do not appear to have serious growth defects. In E. coli, eno mutants do not grow well in the presence of glycolytic sugars (31) . This may represent a basic difference between E. coli and H. pylori carbohydrate metabolism, although the glycolytic pathway has recently been described for H. pylori (44) . The eno mutant described here may be interesting for further study on the utilization of carbohydrates by H. pylori.
Interestingly, it appears that insertional disruption of eno also affects expression of the upstream recA gene, possibly via a mechanism involving decreased stability of the altered recA- (42, 43, 49) , probably by buffering the microenvironment of the organism. As the extracellular pH drops, however, the buffering capacity of ammonia produced by urease may be exceeded, resulting in lowering of the pH of the bacterial cytoplasm. Significant lowering of the intracellular pH may result in DNA damage via depurination, and in Salmonella typhimurium, a DNA repair protein (PolA) is induced by exposure to low pH (16) . RecA may have a direct role in recombinational repair of such lesions or an indirect role by stimulating an SOS-like response. The RecA protein is a ubiquitous bacterial recombination protein which is required for DNA transformation of some bacteria (51, 69) and which also has a central role in mediating bacterial SOS responses (70) . In E. coli, the SOS regulon consists of greater than 20 genes and is induced when the cell encounters agents which damage DNA or inhibit cell division (70) . RecA becomes activated following DNA damage and signals the cleavage of the LexA repressor, which normally binds a conserved sequence in the promoters of SOS genes, including recA itself. Cleaved LexA is unable to bind SOS promoters, resulting in induction of SOS genes (70) . This response to DNA damage is probably widespread in bacteria, and SOS genes other than those in E. coli have been identified; these genes contain LexA-binding sequences in their promoter regions. Not all cloned recA genes have identifiable LexA binding sites (9, 11, 19, 23, 24, 45, 52, 53, 63, 72) , and it is not known whether this represents a different form of regulation of recA in those bacteria. The lack of a consensus LexA binding site in the H. pylori recA promoter may have implications regarding the regulation of a putative SOS-like response in H. pylori. It is possible that H. pylori has a LexA homolog but one that binds a different sequence in the promoters of H. pylori SOS genes. Alternatively, a different protein could serve the same function as LexA. Another possibility is that LexA regulation functions as it does in E. coli but that in H. pylori recA is not itself a part of the SOS regulon. Answers to these questions await further experimentation.
It is probable that H. pylori organisms are exposed to many types of stress when infecting the human stomach. Among these are the nonspecific antibacterial factors (e.g., low pH) of gastric juice and reactive oxidative molecules released by immune cells during inflammation of the gastric mucosa (68) . Some of these types of stress cause DNA damage (26, 29) and therefore may induce a response in H. pylori similar to that of SOS (21) . Management of environmental stress is certainly important for survival of H. pylori in the stomach; any responses that contribute to this are of interest. Superoxide dismutase (SodB) and catalase activities have been reported for H. pylori (30, 60) . These also may play a role in resistance to oxidative DNA damage (28, 29) and could be linked to an SOS response.
Since infection with H. pylori is so prevalent worldwide and is associated with significant morbidity, there is great interest in a vaccine against H. pylori. It is possible that mutation of recA would be of use in a vaccine strain, as has been suggested previously for Vibrio cholerae (22) , for several reasons. First, lack of RecA function may afford increased genetic stability to other markers that are necessary for a vigorous immune response. For example, the CagA immunodominant antigen undergoes size variation in vitro (66) . If expression of a certain CagA size variant is important in achieving a protective immune response, mutation of recA may prevent variation to a different size. Second, recA mutation is likely to greatly diminish the DNA transformation frequency of H. pylori (25, 33, 51, 69) . Most strains of H. pylori are naturally competent for DNA uptake (71) , and it is possible that DNA transformation occurs in vivo. Indeed, our preliminary data suggest that our H. pylori recA mutant (strain 93-227) was completely deficient in the ability to be transformed by a DNA fragment that contained a Km r cassette insertion in the cagA gene (data not shown). Inhibition of transformation via recA mutation would be desirable, preventing reversion of an attenuated strain to virulence through uptake of DNA from resident H. pylori organisms. Similarly, recA mutation should prevent reversions based on homologous recombination involving endogenous sequences. Third, the enhanced susceptibilities of these recA strains to antimicrobial agents make them attractive as candidates for live vaccine strains, since this would facilitate their eradication upon completion of a vaccination regimen; the heightened (approximately 2-log) susceptibility to metronidazole may be particularly useful. Fourth, the enhanced susceptibility to low pH suggests that the tenure of a recA mutant in a normal host would not be lifelong but, possibly, substantially briefer. In total, these qualities suggest that recA mutation is an essential characteristic of live attenuated H. pylori vaccine strains. Finally, if an attenuated H. pylori strain is ever used as a carrier of heterologous proteins, a recA mutant would also be useful.
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